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Abstract
There is proposed an adaptive sliding controller in task space on the base of the linear Newton-Euler dynamic equation of motion
platform in a six-DOF flight simulator. The uncertain parameters are divided into two groups: the constant and the time-varying. The 
controller identifies constant uncertain parameters using nonlinear adaptive controller associated with elimination of the influences of 
time-varying uncertain parameters and compensation of the external disturbance using sliding control. The results of numerical simula-
tion attest to the capability of this control scheme not only to, with deadly accuracy, identify parameters of motion platform such as load, 
inertia moments and mass center, but also effectively improve the robustness of the system.  
Keywords: motion platform; nonlinear adaptive control; sliding control; flight simulator; Stewart platform  
1 Introduction
*
The development of flight simulators bears 
close relation to the advance of modern aircraft. A 
flight simulator has two most important functions, 
one is flight training, the other is research and de-
velopment[1]. In flight training, it is used mainly to 
reduce cost and increase safety, while in research 
and development, it performs flight simulation to 
evaluate the controllability of a new airplane or the 
performances of a newly devised component prior 
to its flight testing. Another kind of flight simulator 
is used to determine the causal factors in an accident 
and replicate the accident scenario[2]. In order to 
fulfill the above-mentioned functions, flight simula-
tion must imitate flight and provide realistic infor-
mation that indicates a vehicle motion in three ways: 
ķ from visual system with naked eyes; ĸ from 
vestibular system; Ĺ from tactile system, in which, 
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for instance, the acceleration of a vehicle is per-
ceived from the force that the seat exerts on a pilot’s 
back.
As an important element of a flight simulator, 
the motion platform serves to simulate the motion of 
aircraft and provides the pilot with realistic vestibu-
lar feelings and a part of tactile feelings. According 
to the FAA regulations, any device called “flight 
simulator” must have at least one motion platform, 
otherwise it can only be termed a “flight training 
device”. A motion platform in flight simulator is 
often constituted of parallel mechanisms due to the 
requirements of bearing heavy loads and performing 
flexible movements. Among parallel platforms, 
six-DOF Stewart platforms[3] gain most popularity 
in medium- and light-load situations. But a Stewart 
platform, due to its inclusion of several close-loop 
structures, is more complicated to make kinematics 
analysis, dynamics analysis and control than a con-
ventional serial mechanism. 
Pending the span of last two decades, re-
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searches of Stewart platforms focused on the realm 
of kinematics inclusive of inverse and direct kine-
matics solutions[4], workspace analysis and singu-
larity analysis. In contrast to the large amount of 
published literature on the kinematics analysis of 
Stewart platform, fewer results have been made in 
public on its dynamics and control[5]. Currently one 
of the main methods of modeling dynamics of 
Stewart platform, the Lagrange equation[6], well 
structured and clearly expressed notwithstanding, 
demands a vast amount of symbolic calculation to 
find partial derivatives of the Lagrangian thus lead-
ing to being unfit for real-time computation. The 
Newton-Euler equation[7], in spite of its simple 
concept and ease to derive, requires computation of 
all constraint forces. There are other methods in-
cluding principle of virtual work, Kane equation, etc. 
The control strategies for a parallel mechanism can 
be roughly split into two schemes: joint space con-
trol and task space control. The joint space control 
scheme uses inverse kinematics to compute the tar-
get position of every actuator from the target posi-
tion of platform followed by an application of the 
independent close-loop PD control to every actuator. 
This control scheme is adopted by most motion 
controllers in conventional flight simulators because 
of their convenience to operate. However, serious 
degradation of performances often happens due to 
cross coupling of parallel mechanisms when they 
move with large amplitudes and high velocity. Other 
factors such as manufacturing errors, friction forces, 
load changes and external disturbance also bring 
negative influences to bear on the performances of a 
conventional PD controller. To solve this problem, 
Su et al.[8] proposed a nonlinear PD controller with 
velocity estimation on joint space to offset nonlin-
earity, disturbance and friction. Some other novel 
joint space controllers use a dynamic model of plat-
form to make up for the nonlinearity. Honegger et 
al.[9] came up with a simplified linearly parameter-
ized dynamic model of a Hexslide parallel mecha-
nism using tracking errors to adaptively identify 
uncertain parameters and improving gradually 
tracking performances. Nevertheless, the simplifica-
tion of actuators in the dynamic model also pro-
duces negative effects on control performances in 
some cases. Kang et al.[10] put forward a robust 
nonlinear controller for a parallel system driven by a 
hydraulic-servo system based on the Lyapunov re-
design method, but the uncertainties chosen in it are 
too conservative. The task space control scheme is 
another kind of control strategy. Although it needs 
direct measurement or estimation of platform’s 
status data, better performances than joint space 
controller can be achieved because of its direct use 
of target position and involvement of concerns 
about uncertainty and disturbance in the controller 
design process. Ting et al.[11] introduced a compo- 
site adaptive controller in task space ensuring con-
verge of tracking errors and parameter estimation 
based on Lyapunov method. But this model fails to 
take external disturbance into account. A robust 
nonlinear controller developed by Kim et al.[12] is 
equipped with a friction estimator in task space and 
experimentally its control performances are almost 
comparable to joint space PD controller and task 
space nonlinear controller. However, little attention 
is paid to parameter changes like the payload 
change in designing. 
A complete linear dynamic model of motion 
platform in flight simulator using Newton-Euler 
method is suggested and a nonlinear adaptive slid-
ing controller in task space based on a model capa-
ble of achieving precise motion control in the pre- 
sence of uncertain parameters as well as external 
disturbances is proposed. In this control scheme, 
uncertain parameters are divided into two parts: ķ
constant uncertain parameters such as loads, inertial 
moments, and mass center, etc. ĸ time-varying un-
certain parameters and external disturbances such as 
friction forces, torque fluctuation of motor, etc. A 
nonlinear self-adaptive control is adopted to identify 
the constant uncertain parameters on-line while a 
sliding control to tackle time-varying uncertain pa-
rameters as well as external disturbances. Finally, 
simulation of the closed-loop system incorporated 
with the nonlinear adaptive sliding controller is car-
ried out to demonstrate the effectiveness of parame-
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ter identification and disturbance rejection. 
2 Model of Motion Platform in Flight   
Simulator  
A motion platform in a six-DOF flight simula-
tor is of an electrical driven ball screw type 6-3 UPS 
Stewart platform. After a brief analysis of the in-
verse kinematics and direct kinematics of a platform, 
a dynamic model of the platform is derived by 
means of Newton-Euler method. Then the model is 
simplified into a linear form with a combination of 
uncertain parameters used in nonlinear self-adaptive 
control and sliding control. Fig.1 demonstrates the 
structure of a Stewart platform. 
2.1 Kinematics analysis of a motion platform 
(1) Inverse kinematics analysis  
Inverse kinematics of a Stewart platform can 
transform the movement of a moving platform re-
lated to fix platform into the movement of each ac-
tuator. Let {B} and {P} be the coordinates of the 
Fig.1  Structure of a Stewart platform. 
base platform and the payload platform correspond-
ingly, and suppose that vector Pi = [Pix  Piy  Piz]
T
describes the position of the reference point con-
necting ith actuator and payoad platform in {P},
vector Bi = [bix  biy  biz]
T describes the position of 
the reference point connecting ith actuator and base 
platform in {B}, and rotation matrix R represents 
the orientation of the frame {P} with respect to the 
frame {B}, then 
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By proper coordinate transformation, the ith
actuator vector Li can be written as 
, 1, 2, ,6i i i i      L R P T B       (2) 
where T[ ]x y zt t t T  represents the vector from the 
origin of payload platform to the origin of base 
platform. iil L  is the length of the ith actuator. 
(2) Direct kinematics analysis 
Direct kinematics is the inverse problem of in-
verse kinematics, which entails computation of the 
six-DOF information of payload platform from the 
given lengths of six actuators. Direct kinematics of 
Stewart platform plays an important role in the task 
space control because it can estimate the motion 
information of the payload platform on-line in place 
of using expensive sensors. Expressed as a 16-order 
polynomial, the analytical solutions of direct kine-
matics can not be solved real-time leading to the 
necessity of using the Newton-Raphson method to 
acquire the numerical solution[13].The computational 
result of a target position will not be singular as 
long as the initial position is not singular. To speed 
up converge of the Newton-Raphson method, the 
initial position might well be defined as the last tar-
get position. 
2.2 Dynamic model of motion platform in   
Newton-Euler equation 
The dynamic equation of a Stewart platform 
expressed in the Newton-Euler equation is
T( ) ( , )  M X X H X X J F D         (3) 
where XXX  ,, separately correspond to position, 
velocity and acceleration information of a payload 
platform in task space, )(XM  is the inertia ma-
trix, ),( XXH   the nonlinearity including Coriolis, 
centrifugal and gravity force, F  the driving force of 
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actuators, J  the Jacobian matrix and D  the exter-
nal disturbance. 
The individual constituents of this equation can 
be expressed as follows: 
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where Mp is the inertia matrix of a payload platform, 
Mi the inertia matrix of the ith actuator, Hp the 
nonlinearity term of the payload platform, Hi the 
nonlinearity term of the ith actuator, m the mass of 
the payload platform, T[ ]x y zZ Z Z Ȧ  the an-
gular velocity of the payload platform in task space, 
ui the unit vector of the ith actuator, fi the Coulomb 
and viscous friction forces on the link point of the 
ith actuator and the payload platform, rp the center 
of gravity of the payload platform, Ip the inertia 
moment of the payload platform, E3 the 33u  iden-
tity matrix, g = [0  0  g]T the gravity acceleration 
vector, iq , r and I  the transformation of Pi, rp and
Ip from the payload platform reference frame to 
global basis, fbi the Coulomb and viscous friction 
force between ball screws and nut caps, sgn( )iL

the moving direction of the ith actuator, Qi and Vi
related to the ith actuator, the specific form of which 
can be found in Ref.[7], Ui the remaining part of Vi
from which the friction forces has been deducted, 
iq  and r  the transformation of qi and r from cross 
product to normal matrix multiplication. 
2.3 Linear form of dynamic model 
The application of nonlinear self-adaptive con-
trol and sliding control requires the dynamic model 
of the motion platform to be transformed into a lin-
ear form 
YpXXHXXM   ),()( 
where p is a vector containing uncertain parame-
ters.
The uncertain parameters of the motion plat-
form of six-DOF flight simulator consist of two 
parts: one is due to the differences of payloads of, 
for instance, trainees and devices, which include 
mass, inertia moments and center of gravity of the 
payload platform; the other is caused by friction 
forces. Since the mass of the payload platform is 
located on the center of the x and y axis, the center 
of gravity can be simplified as rp = [0  0  rz]
T, and 
the inertia moment is denoted by Ip = diag (Ixx Iyy
Izz). Meanwhile, with the friction forces on the link 
points of actuators and platform omitted, the only 
considered friction forces are the ones between ball 
screws and nut caps. Consequently, p and Y can be 
expressed as follows: 
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The above equations can be formulated as 
T Yp J F D
therefore, the dynamic model of a motion platform 
takes on a linear form. The vector p can further be 
divided into three parts. The first is the constant 
uncertain parameter—something that changes very 
slowly or does not change at all when the whole 
system is running. In this case, pa= [m Ixx Iyy Izz
mrz mrz
2]T is only concerned with trainees and de-
vices, and it corresponds to a part of Y, i.e. Ya =
> @1 2 3 4 5 6Y Y Y Y Y Y . The second is of fast 
varying uncertain parameters referring to, in this 
case, friction forces between ball screw and caps, 
> @Tr b1 b2 b3 b4 b5 b6f f f f f f p . These forces 
vary rapidly as the position and velocity of ball 
screws relative to nut caps change[14], and they cor-
respond to another part of Y, i.e. Yr = [Y71 Y72  Y73
Y74 Y75 Y76]. The third is 8YZ  exclusive of un-
certain parameters. The uncertainty of this part can 
be considered as external disturbance D. The final 
complete dynamic model of motion platform be-
comes 
T
a a r r     MX H Y p Y p Z J F D     (6) 
3 Design of Nonlinear Self-adaptive Slid- 
ing Controller
With the uncertain parameters categorized into 
constant and time-varying ones, the nonlinear 
self-adaptive control scheme can be used to estimate 
constant uncertain parameters[15-16] and, at the same 
time, the sliding control scheme is used to improve 
system robustness to fast varying uncertain parame-
ters and external disturbance[15].
Given: 
d X X X
r d X X ȁX  
r   s X X X ȁX
   
where s is the sliding surface, d dandX X
 are the 
target position and velocity, rX  is the virtual refer-
ence trajectory[15] used to ensure the absence of 
steady-state errors in final tracking trajectory and 
ȁ  is a constant matrix whose eigenvalues have to 
be strictly confined to the right half of the complex 
plane.
3.1 Controller design 
The Controller can be expressed as follows 
a s F F F
where,
T
a r D
T
a a r r0 0 D
ˆ ˆ( )
ˆ( )


    
  
F J MX H K s
J Y p Y p Z K s

refers to the control action of nonlinear self-adap-
tive controller, and 
T
s ( sat( / ))I
 F J k s
is the control action of sliding controller. 
Thus, the final form of proposed controller ap-
pears as 
T
a a r r0 0 D
ˆ( sat( / ))I    F J Y p Y p Z K s k s  (7) 
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where apˆ is the estimated, ap the value of self-adap-
tive controller, pr0 the nominal value of pr, Z0 the 
nominal value of Z, KD a positive definite constant 
matrix, sat( / )Ik s  stands for the 16u  vector of 
components sat( / ), 1,2, 6,i ik s iI    k the switching 
gain vector of a sliding controller which will be 
determined later, sat( / )Is  a boundary layer used 
to eliminate the chattering effect of sliding control 
and I  the thickness of a boundary layer. 
3.2 Adaptation law of uncertain parameters 
The dynamic models expressed by Nowton- 
Euler and Langarian separately are essentially iden-
tical[17], so 
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where r r| |j jp pı  is the upper limit of the estima-
tion error of uncertain parameters, | |i iD Dı is the 
upper limit of external disturbance, the positive 
iH stands for the speed approaching sliding surface 
and ī  is a symmetric positive definite matrix, 
which represents the learning speed of parameters. 
Thus, is obtained 
6
T
D
1
| | 0i i
i
V sH
 
 ¦s K sİ İ
From the above, it follows that the proposed 
control scheme is stable with tracking error able to 
be converged to zero in a finite time, and the adap-
tation law can be achieved as 
T
a a
ˆ  p īY s              (10) 
In order to avoid the drift of estimated parame-
ters, the self-adaptation of parameters must stop 
when the system trajectories reach in the boundary 
layers, and at the same time, the V-modification[18]
can be included in adaptation law to further ensure 
the robustness of parameter adaptation. 
The final parameter adaptation law takes the 
form of 
T
a a a a0
ˆ ˆ[ ( )]V   p ī Y s p p       (11) 
where 0!V  is used to increase the robustness of 
the close-loop system, and a0p  is the initial value of 
pa.
Therefore, the control law Eq.(7) together with 
the self-adaptation law Eq.(11) yields a globally 
stable self-adaptive sliding controller. 
4 Computer Simulation 
Computer simulation is fulfilled to verify the 
effectiveness of the proposed control scheme. The 
parameters of simulation model are taken from the 
motion platform in the six-DOF flight simulator 
built in our own laboratory and their values are cal-
culated by the aid of CAD models. The mass of the 
platform payload is 45.2 kg; the mass center is 
(0, 0, 0.25) ; the inertia moment of the platform pay-
load is diag(11.9, 12.6, 11.3) , the peak torque of 
motor is 60 N·m and the lead of ball guide screw 
0.064 m. The parameters of controller are chosen to 
be: ȁ = 10E6, I  = 0.03, rjp = 100, iD = 1 000, 
iH = 0.1, KD = 3 000E6, ī = 10E6, and 6E is the 
6×6 identity matrix. 
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4.1 Learning of the constant uncertain para-
meters
Since the total weight of devices and operators 
in a flight simulator varies to a large extent, and the 
moving platform is relatively lighter against the 
payload, an initial identification of parameters is 
needed to ensure a better tracking performance of 
platform in operation. The adaptation law is based 
on the tracking error which often requires a longer 
stretch of time to minimize owing to the relatively 
larger controller gain KD. This results in a very slow 
adaptation process. To solve this problem, the con-
troller gain is temporarily decreased to speed up 
parameter learning process in a stable close-loop 
system. The controller gain reverts to type as the 
process of initial parameter identification ends. 
The reference tracking trajectory used in simu-
lation is [asin t asin t asin t bsin t bsin t bsin t],
something that possesses three translational and 
three rotational degrees using sine motion as refer-
ence trajectory. This reference trajectory makes all 
constant uncertain parameters to be simultaneously 
adapted. In the above-mentioned expression, a = 0.1, 
b = 0.2, and the period of sine motion is 1 s. Exter-
nal disturbance D and time-varying friction forces 
between ball screws and nut caps are all taken into 
consideration in the computer simulation. 
The results from adaptation are shown in Fig.2 
below. 
Fig.2  Parameters adaptation process. 
From the Fig.2, it can be seen that all the pa-
rameters to be adapted have converged in a short 
time. Table 1 compares practical and adapted values 
of the uncertain parameters below. 
Table 1 Comparison of practical and adapted values of 
uncertain parameters 
Parameters Practical values Adapted values 
m/kg 45.2 45.1 
Ixx/(kg·m
2
) 11.9 12.9 
Iyy/(kg·m
2
) 12.6 14.7 
Izz/(kg·m
2
) 11.3 13.4 
mrz/(kg·m
2
) 11.3 11.3 
Due to the external disturbance and noise in-
volved in the measured data by sensors, the learning 
speed of parameters in practice will not be such as is 
under the ideal conditions. However, the simulation 
study still demonstrates the potential of using the 
proposed controller to learn the parameters of a mo-
tion platform in flight simulator. 
4.2 Robustness to time-varying uncertain pa- 
rameters and external disturbances 
In order to further evaluate the robustness of 
nonlinear self-adaptive sliding controller to external 
disturbances and uncertainties, the performances of 
the proposed adaptive sliding controller and the 
nonlinear self-adaptive controller exclusive of slid-
ing parts with the results of the simulation are com-
pared. In the simulation, circle motion is used as the 
reference trajectory. The time length of a circle mo-
tion is 10 s and the radius of the circle is 0.1 m. The 
simulation lasts 10 s. After 5 s, an external distur-
bance on the x axis is applied, with an amplitude of 
500 N, enduring 5 s. The tracking performances and 
errors of the two control schemes are compared in 
Fig.3 and Fig.4. The curve Ref represents reference 
circle trajectory, while the curves Fa+Fs and Fa
stand for adaptive sliding controller and nonlinear 
adaptive controller separately. 
The Fig.3 and Fig.4 attest to the relatively 
higher tracking precision of the nonlinear adaptive 
sliding controller at an existence of sudden external 
disturbances.
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Fig.3  Circle trajectory tracking. 
Fig.4  Circle tracking error of x axis. 
5 Conclusions 
A modern six-DOF flight simulator needs a 
motion platform having high performances. In this 
paper, a complete linear dynamic model of motion 
platform in a flight simulator has been established 
with the help of Newton-Euler method and, on its 
base, a nonlinear self-adaptive sliding controller in 
task space is proposed. The controller divides un-
certain parameters into two groups: the constant and 
the time-varying. A nonlinear self-adaptive control 
is used to estimate the constant uncertain parameters 
on-line while a sliding control to compensate 
time-varying uncertain parameters and external dis-
turbances. The results from simulation show that the 
proposed controller has ability as much to precisely 
identify parameters of a motion platform like loads, 
inertial moments, mass center etc, as to achieve pre-
cise motion control in the presence of uncertain pa-
rameters and external disturbance.  Further is re-
quired verification of the performances of the con-
trol in a practical system by means of algorithm. 
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